Forbidden transitions in the ground state levels of npq ions can provide important information on the state of hot gases. In particular, transitions in q=2,4 ions (e.g., 0 1, 0 ill, Neill, Ne v, etc.) can give information on the temperature of the gas, whereas transitions in q=3 ions (e.g., 0 II, Ne IV, Fe XII, etc.) can give information on the density of the gas. We have solved the detailed balance equations in the ground state terms of 37 ions of C, N, 0, Ne, Mg, Si, S, and Fe. The ions examined are abundant for temperatures in the approximate range 5 X 10 3 -2 X 10 6 K and could provide important information on the hot (10 4 ;ST;S10 6 K) component of the interstellar medium. We have tabulated the atomic data for 235 transitions of these ions and graphed 14 line ratios of q = 2, 4 ions and eight line ratios of q = 3 ions. The relative populations of the various levels are given in tabular form and can be used for the calculations of the absolute line intensities if the ionic abundances are known. Forbidden emission lines of these ions are in the far and near UV, visible, and near and far IR regions of the spectrum. These calculations are important for studies of the solar transition region, H II regions and planetary nebulae, supernova remnants, and interstellar bubbles produced by stellar winds.
INTRODUCTION
Forbidden transitions in the ground state of npq ions are electric quadrupole and magnetic dipole transitions which are from collisional excitations by thermal electrons. These ions make a significant contribution to the cooling of the hot plasma, and their forbidden lines have been computed theoretically and applied to observations of many H II regions and planetary nebulae (see, e.g., Shortley and Menzell940; Hebb and Menzell940; Menzel, Aller, and Hebb 1941; Aller 1954 Aller , 1957 Seaton 1954 Seaton , 1960 Osterbrock 1960 Osterbrock , 1974 O'Dell 1963; Peimbert and Torres-Peimbert 1971; etc.) . Ratios of forbidden lines for particular transitions of an ion can provide a means of determining the electron density (Seaton 1954) or temperature (Menzel, Aller, and Hebb 1941) of the ionized plasma.
The vast majority of the lines examined in the literature are in the visible or near ultraviolet (UV) region of the spectrum. Recently, as a result of new advances in astronomy, forbidden lines in the far UV, as well as near and far infrared (IR) regions of the spectrum have been studied (e.g., Flower and Nussbaumer 1975; Delmer, Gould, and Ramsay 1967) . These advances are not limited to interstellar gas regions, but include important observations of the E UV solar spectrum (e.g., Jordan 1971 ).
It would seem particularly desirable for workers in the field to refer to a complete set of calculations for these forbidden lines. For this purpose, we present detailed calculations of the relative populations of the levels of the ground state as a function of temperature and density. We also present calculations of the ratios for lines of the same ion. In this work, the ions of C, N, 0, Ne, Mg, Si, S, and Fe with electron configurations npq, where n=2,3 and q= 1,2,3,4,5 are treated.
In a future paper we will treat ions of other elements-such as Cl, Ar, and Ni-which are also of astrophysical significance. Their inclusion in the present work would have made it prohibitively long. Moreover these ions have not been treated by either Kafatos (1973) or Shapiro and Moore (1976) , and therefore their relative ionic abundances can only be treated in the case when recombinations balance collisional ionizations. In this respect, we distinguish them II. DATA AND EQUATIONS The line intensity can be found from the equation (1) where AJ; is the radiative transition probability from upper level} to lower level i, ~is the relative population of level j, NA,z is the relative ionic abundance of ion with charge Z of element with atomic number A, NA is the relative (with respect to hydrogen) chemical abundance, PJ; is the frequency of transition, N8 e the relative chemical abundance of helium, n is the total number density of hydrogen and helium nuclei (in cm-3 ), and Lis the path length through the line emitting region. From this point on we will use the following convention: capital letters N refer to relative abundances while lower case letters n refer to number densities.
It is obvious from equation (I) that the line intensity can be determined once the relative populations of the levels have been computed and if we know the ionic abundance. The latter depends on the specific region under consideration (for example, purely collisional ionization would produce a different abundance from radiative ionization, etc.) .
The relative population of the level~ is a function of temperature and density only. On the other hand, by taking ratios of lines of the same ion one obtains a relation which is a function of the atomic parameters, the temperature, and the density, and does not depend on the specific conditions of ionization and recombination. The ratio of two lines of the same ion is IJ; -A,;PJ;~ ltk -AtkPtkNt' where j and I are the upper levels while i and k are the lower levels.
(2)
It is evident from equations (1) and (2) that whether absolute intensities or relative line intensities are needed, the relative populations ~ are needed.
We have computed the relative populations ~.}=1,2,3,4,5 for the n=2,3 and q=2,3,4 npq ions, and the populations~.}= 1,2 for the n=2,3 and q= 1,5 npq ions.
Ions with q= 3 have the single level 4 S as the lowest energy level of the ground state term, with the doublet 2 D above it and the doublet 2 P above 2 D. Ions with q = 2, 4 have the triplet 3 P as the lowest energy levels, with the singlet 1 D above them and the singlet 1 S above 1 D. Ions with q=l,5 have a doublet 2 P in their ground state term.
The necessary algebraic equations for the computation of the ~ 's are given in Appendix A for the five level ions. The equations for the two level ( q = I, 5) ions are not given, since they are trivial. These equations can be used in any five level ion and, therefore, apply beyond the specific ions examined in the present paper. They are, of course, the balance equations which express the relative number of ions in each level j determined by balancing collisional excitation from lower levels to} and from} to higher levels, collisional de-excitation from higher levels to} and from} to lower levels, and, finally, radiative transitions from higher levels to j and from} to lower levels. This system of equations is given in the Appendix in equations (AI) and (A3).
The atomic data needed in order to compute the~ are the following: (a) the wavelengths (or energy differences) for the transitions, (b) the radiative transition probabilities, and (c) the collision strengths.
where the collision strengths in the right hand side of the above relations are given in the literature. These sum rules pertain from one to many levels or from many levels to one (the collision strength between two levels is symmetrical, i.e., Qij= Qi;). For transitions between many levels, e.g., the 2 P to 2 D transitions in q = 3 ions, the collision strengths must be interpolated independently. 0.343 KC SoURCE.-B, Blaha 1968 . CAE, Czyzak, Aller, and Euwema 1974 . CKMSS, Czyzak eta/. 1968 . E, Edlen 1972 . Gl, Garstang 1968 . G2, Garstang 1972 . KC, Krueger and Czyzak 1970 . MB, Malville and Berger 1965 . M, Moore 1971 . N, Nussbaumer 1971 . 0, Osterbrock 1974 . SSS, Saraph, Seaton, and Shemming 1968 . SW, Smith and Wiese 1973 . WSGl, Wiese, Smith, and Glennon 1966a Czyzak, Aller, and Euwema 1974 . G1, Garstang 1968 . KC, Krueger and Czyzak 1970 . SSS, Saraph, Seaton, and Shemming 1968 . WSG1, Wiese, Smith, and Glennon 1966a . WSG2, Wiese, Smith, and Glennon 1966b It is particularly useful to summarize the various collision strengths, because the collision strengths sources in the literature are numerous. Moreover, if the Z-dependence of the collision strengths is given, unknown values for different Z's can be interpolated. The best way to summarize the collision strengths is to plot Z 2 g versus z-1 along the isoelectronic sequence. The reason for this is that as the charge Z tends to infinity, Z 2 g remains finite (Saraph, Seaton, and Shemming 1968). The infinite Z limit is given in Saraph, Seaton, and Shemming (1968) and, therefore, interpolations can be carried out. We should point out that considerable effort has been spent by various workers on calculating resonances. These resonances are significant at particular energies but less significant when averaged over a Maxwellian distribution of the electrons. This average suffices for most astrophysical cases (Garstang, private communication). Generally, a~ Z increases the calculations become more reliable. We found that the z 2 g's are fairly smooth functions of z-1 • The accuracy of our interpolations was checked by taking the interpolated values of some forbidden transitions and using the sum rules to arrive at a total collision strength for transitions from the upper to the lower levels. This value was then compared to the published value. In the cases where this was done, satisfactory agreement resulted (within a few percent agreement).
For the neutral ions N I and 0 I the collision strengths are temperature dependent. We fitted the collision strengths in Kaplan and Pikelner (1970) and Osterbrock (1974) to a T 1 1 2 function in all cases. The results obtained agreed within 10% of the actual data. The sum rules were used when needed.
In Figures 1-7 the Z 2 g 's along isoelectronic sequences as a function of z-1 are plotted. The references for the various collision strengths through which the curves were drawn are given in Tables 1A-1V. In Figure 1 , the C I (2 p 2 ) sequence collision strengths are shown. The index "1", "2", and ''3" refers to the 3 P, 1 D, and 1 S multiplets respectively. In Figure 2 , the fine structure collision strengths for the C I sequence are given. In Figure 3 , the N r (2p 3 ) sequence collision strengths are shown. The index "1", "2", and "3" refers to the multiplets 4 S, 2 D, and 2 P respectively. In Figure 4 and 5 the collision strengths between the various levels of the multiplets 2 D and 2 P are shown. Finally, in Figures 
lll. RESULTS AND CONCLUSIONS
Using the data discussed in the previous section we now tum our attention to the results of our computations.
a) Relative Populations of the Various Levels
The relative populations ~ 's are computed by using the formulae of the Appendix and the data of § II. The expressions for the N 1 can be found in the system of equations (A4).
We made the assumption that allowed transitions from higher levels do not populate the ground state levels. In other words, we only considered transitions between these levels. This is probably a good assumption since the
-C I isoelectronic collision strengths. Indexes "1", "2", and "3" refer to the 3 P, 1 D, and 1 S multiplets, respectively. 4 .5 .6 .7 .8 .9 1.0 z·' Fro. 2.-C I sequence collision strengths for fine structure transitions. energy differences between levels which are connected via allowed transitions are much greater (say, by factors around 5-10) than the energy differences between the ground state levels. The relative populations of the higher levels depend on the collisional excitation rates from the lower levels which are proportional to exp( -ll.EjkT). Due to the existence of this factor, collisional population of levels which can give allowed transitions to the ground state levels is negligible except at high temperatures-at which the relevant ion becomes ionized anyway (see also Mewe 1972 Tables 3A-3V: N I, Table 3A 40 . In each of the above KAFATOSANDLYNCH tables the relative populations are given for different densities n, where n is the total number density of hydrogen and helium nuclei, and for four different temperatures T. We present the results as a function of n rather than ne because the electron number density would vary as the gas recombined under different conditions and could not be used as a general parameter. Below T:::::::l0 4 K the results are strictly correct for a gas that is cooling radiatively, although the results should also apply with satisfactory agreement to cases where there is no time variation (like H II regions) of the electron density. On the other hand, our results apply generally for T;:;::; 10 4 K independently of the ionizing process. The temperature range was chosen so that the relevant ionic abundance was above -5%. Time dependent radiative cooling of the gas was assumed for the values of the ionic abundances (Kafatos 1973; Shapiro and Moore 1976) . Since specific ions persist over a larger temperature range in the time-dependent case compared to the steady-state (in which recombinations balance collisional ionizations), the temperature ranges given in Tables  3A-3V and Tables 4A-40 should be adequate for most purposes. If the N/s are desired outside the temperature ranges given in the tables, extrapolation can be performed using the tabulated values.
We have not tabulated the values of N 1 since they can be easily found from the requirement that the sum of all NJ 's is equal to one.
b) Line Ratios
Ratios of lines of the same ion can be used to determine the density or temperature of the cosmic gas. For ions with ground state configuration q=3, the line intensity ratio IeD 512 -4 S 3; 2 )/IeD 312 -4 S3; 2 ) shows strong density dependence for the following reason: if an ion has two energy levels close to each other, then the ratio TABLE3A TABLE3B a The density n=nH+nHe (n is the total number density of aThe density n=nH+nHe (n is the total number density of hydrogen and helium nuclei).
hydrogen and helium nuclei). The relative populations (Nj) are given for different temperatures and densities. In Tables 3A-3V (the q=2,3,4 ions) N 2 , N 3 , N 4 , and N 5 are given. The temperature range was chosen so that the relevant ionic abundances in the time-dependent cooling case (see text) were above -5%. These temperature ranges should be adequate for most purposes. Extrapolations to temperatures outside the given range can be carried out if desired. The results are presented as a function of the density n, rather than ne, the density being a parameter which does not change even if the gas recombines. Below T,.,10 4 K, the results are strictly correct for a gas that is cooling radiatively, although the results should roughly be applicable to cases where there is no time variation of ne (like H 11 regions). The values of N 1 can be found from the requirement that all Nj when summed are equal to 1. of the excitation rates is simply a ratio of the collision strengths. If the radiative transition probabilities or the collisional de-excitation rates are different, then the ratio of the relative populations of these two levels will depend on the density, and thus the ratio of the line intensities depends on the density (see also Osterbrock 1974).
On the other hand, for ions with q = 2, 4, the line ratio a)LogT=5 .......... . 4 ........... . 6 ........... . 8 ........... . 10 ........... . 0 ........... . 2 ........... . 4 ........... . 6 ........... . 8 ........... . 10 ........... . 0 ........... . 2 ........... . 4 ........... . 6 ........... . 8 ........... . 10 ........... . 0 ........... . 2 ........... . 4 ........... . 6 ........... . 8 ........... . 10 ........... . Relative Population -Log(N 2 ) Tables 4A-40 (the q= 1, 5 ions) N 2 is given. The temperature range was chosen so that the relevant ionic abundances in the time-dependent cooling case (see text) were above -5%. These temperature ranges should be adequate for most purposes. Extrapolations to temperatures outside the given range can be carried out if desired. The results are presented as a function of the density n, rather than n., the density being a parameter which does not change even if the gas recombines. Below T"""l0 4 K, the results are strictly correct for a gas that is cooling radiatively, although the results should roughly be applicable to cases where there is no time variation of n. (like Hn regions). The values of N 1 can be found from the requirement that all ~ when summed are equal to 1. large enough so that the relative populations will depend on temperature, as will the ratio of the line intensities arising from these two levels. We note here that the intensity of transition 1 D 2 -3 P 0 is comparatively weaker than the other two transitions between the 1 D and 3 P levels, and it is neglected in the above sum.
In Figures Sa-Sn etc.) there is little variation of the ratio for different temperatures. We, in fact, note that for any ion at any density, the ratio eventually varies little for high enough temperatures. For high densities, this can be shown easily: the ratio of the factors b 3 /b 2 which express deviations of the NJ 's from thermodynamic equilibrium (Aller and Liller 1968 ) approaches 1 at high densities. Equation (2) then yields a line ratio proportional to exp(-ED, pj kT) exp( Es, pj kT), where ED, P and Es, P is the energy difference between the 1 D and 3 P multiplet, and between the 1 S and 3 P multiplet, respectively. We see that at sufficiently high temperatures, kT>>ED,P• Es,P• and therefore there is little temperature dependence for the line ratio. Similar considerations hold for other densities, although the proof is more complicated. We point out that if, of course, we had plotted the line ratio for these q=2,4 ions at lower temperatures, there would be strong temperature dependence; this, however, wouldn't be of any use since at lower temperatures, the abundance of the ion under consideration is less than~ 1%. We have also examined other line ratios for these ions (Ne v, Mg VII, etc.) with similarly little dependence.
In Figure 9a -9h we show the ratio of the line strengths 1e D 512 -4 S 312 ) / 1e D 312 -4 S 3 ; 2 ) for the q= 3 ions: N 1, Figure 9a ; 0 II, 9b; Ne IV, 9c; Mg VI, 9d; Si VIII, 9e; S II, 9j; S x, 9g; Fe XII, 9h. The ratio is given as a function of the density n for the two limits of the temperature ranges of Tables 3A, 3D , 3G, 3J, 3M, 30, 3R, and 3U. It is obvious that there is little temperature dependence. At sufficiently low as well as at sufficiently high densities this line ratio becomes constant (see also Osterbrock 1974); at intermediate densities, however, the ratio shows strong density dependence. We compared our results to those published in other works (e.g., Osterbrock 1974) and we found satisfactory agreement in all cases. Whenever small differences existed, they could be explained by the small differences in the atomic data used.
It is hoped that the results presented here will be useful to researchers in the UV, visible, and IR fields. If different line ratios are desired, they can be easily obtained from the tabulated atomic data and the tabulated N 1 's, by using equation (2) . If absolute intensities are required, equation (I) can be used, although the reader will have to provide the required NA, z values. Our computations can be used for diagnostic purposes to determine temperatures and densities of hot plasmas in the temperature range 5 X 10 3 -2 X 10 6 K. Even though radiative cooling is very strong in this range, little information exists (with the exception of the Copernicus observations) above 10 5 K, although the 0 VI observations indicate that a sizable portion of the interstellar medium is in the very hot state. In a future work, we plan to present absolute line intensity calculations in important cases.
We are grateful to R. Gars tang who provided valuable references for the atomic data. M. K. would like to thank R. W. Hobbs and J. C. Brandt of the Laboratory for Astronomy and Solar Physics for their support and hospitality at Goddard.
APPENDIX FORMULAE FOR THE CALCULATIONS OF THE RELATIVE POPULATIONS IN A FIVE LEVEL GROUND STATE TERM
We present here the solutions of the detailed balance equations in a five level ground state term. The results are, of course, applicable to other five level systems besides the q=2,3,4 ions presented in the present work. In giving the solutions we have avoided the detailed derivation of the results and have given instead the final formulae.
The equilibrium equations for the five levels (see also 
